Spontaneous instabilities of nanoparticles are known to be influenced by the temperature, and strongly depend on the particle size. However, it is not clear what is the role of the surrounding material that is in contact with the particle. Here we report on the difference between spontaneous rotations of Bi nanoparticles embedded in amorphous SiO and those embedded in liquid Ga. The phenomenon was studied quantitatively by time resolved transmission electron microscopy using Fourier Transform analysis of highresolution electron microscopy images. While rotations of Bi nanoparticles embedded in amorphous SiO occur by all angles, the rotations of Bi nanoparticles embedded in liquid Ga occur by discrete angles. Our results point quantitatively, for the first time, to the role and importance of the contacting surrounding surface during the rotation of nanoparticles.
Introduction
Nanoparticles are now known for their spontaneous crystallographic rearrangements that take place even way below their melting point [1] [2] [3] [4] [5] [6] [7] [8] . Recently, we have quantitatively shown [7] that the crystallographic rearrangement (also known as rotations, but not rigid body rotations that simply change the character of the diffraction contrast) of Bi nanoparticles is thermally activated and occurs by plane-after-plane gliding. It was shown that * E-mail: beerav@gmail.com while the rotation rate depends on the particle volume and the temperature, it does not depend on the high-voltage operating beam of the transmission electron microscope (TEM). However, less is known on the influence of the material in contact with the nanoparticle's surface on the phenomenon, which might also play a significant role in this process. For instance, it is known that nanoparticles inserted to conducting ink will change their own properties under the influence of the surrounding material. Furthermore, future biomedical devices such as cell-based nanodevices, nano-sized filters and biomedical nanosensors, that will be inserted to the human body might be operated at a constantly changing environment, rustling by various materials that are in contact with them. Thus, such a study is important both from fundamental and applicative points of view. In previous studies, Au nanoparticles, that do not tend to oxidize, were simply deposited directly on the copper grid, while Pb nanoparticles were embedded in a SiO matrix. In this paper we point for the first time to the essential difference between rotations of Bi nanoparticles embedded in amorphous SiO and rotations of Bi nanoparticles embedded in liquid Ga.
Experimental set-up
Bismuth particles embedded in liquid gallium were prepared by successive thermal evaporation in ultra high vacuum of 5 nm SiO (silicon monoxide SiO , with ∼1), 8 nm as an average thickness of Bi, 8 nm as an average thickness of Ga, and 10 nm SiO; all on a TEM copper grid. The SiO was found to be amorphous by electron diffraction. Ga capsules 10-50 nm in diameter were formed; in these capsules Bi particles in the range of 2-30 nm were embedded (Fig. 1) . Ga was found by electron diffraction to be liquid at large intervals of temperature indicating super cooling in agreement with [9] . Bi particles were also embedded in the amorphous SiO (Fig. 1) . A muchdetailed description of the samples preparations will be found in [10] .
The Bi particles embedded in Ga capsules tend to be in contact with the SiO. Large Bi particles (larger than 10 nm), in particular those embedded in Ga capsules, were found to be elongated rather than spherical. The bigger the particle the larger is its deviation from a sphere. Embedding the particles in SiO ensures better thermal coupling, which defines good thermodynamic variables and prevents oxidation, migration and evaporation [11] . The Bi crystallographic structure has the Rhombohedral symmetry R3 (No. 166) [12] , with a 1 =a 2 =a 3 =4.745 Å and α=57.24°, with two atoms in a unit cell, one at the origin (0,0,0) and one on the major diagonal [7] . This is essentially different from FCC elements, such as Au and Pb, studied in the past [1] [2] [3] [4] [5] [6] .
All specimens were examined at room temperature by high-resolution transmission electron microscopy (HREM), operated at 200 kV (Philips F20). The structure evolution of the particles was recorded by an electron sensitive video camera (Gatan 622 SC) at 25 frames per second and examined frame by frame using Premiere software. The Fast Fourier Transform (FFT) of single frames was obtained using MATLAB and Scion Image software. (4) liquid Bi. Differentiation between the solid Bi and the liquids is obtained by the lattice fringes of the high-resolution images. A second layer of SiO is evaporated to cover the metallic particles. Notice that the Bi particles that are embedded in the Ga capsules tend to be in partial contact with the surrounding SiO and to be elongated rather than being spherical.
Results
Measurements were focused on Bi particles with a diameter of 8 nm and 10 nm. Two states exist for a particle: (a) a Stable state, and (b) a Rotating state. A particle stays in one state for a characteristic time scale of tens of seconds, and then switches to the other state. Each particle fluctuates between the two states several times during the experiment. Particles embedded in Ga spend nearly equal amount of time (50%) in each state, while particles embedded in the amorphous SiO spend the majority of the time (80%) in the rotating state. In the rotating state, the particles change their crystallographic orientation spontaneously and continuously at a rate of 2-5 events per second. It is interesting to note that the elongated shape of the particles is stable during the rotations, implying that the particles do not simply rotate as rigid bodies; i.e. the direction of the "long axis" has not been changed during the particle rotation. Particles larger than 10 nm do not show spontaneous rotations whereas much smaller particles (smaller than ∼6 nm) fluctuate faster than the video camera is able to resolve [7] . Moiré patterns were found to accompany the process of rotation. During the rotation, the FFT spots' intensities of the moiré patterns were found to continually and gradually change, indicating that the particle is rotated by plane-after-plane gliding [7] . The process of rotation is demonstrated in Fig. 2 as follows: Fig. 2a and Fig. 2c are initial and final states respectively showing that in this particular example the (110) planes are rotated by an angle of θ=18.10°. Fig. 2b is an intermediate stage, showing a moiré pattern, which combines both orientations of (110) planes.
Ten similar particles, each 10 nm in diameter, were examined; half of them were embedded in liquid Ga and half of them in SiO. From those ten particles, about 160 visible transitions on the plane normal to the e-beam were analyzed, to find the distribution of the rotation angles θ between the (110) atomic planes of successive configurations. Rotations do not occur solely on the plane normal to the ebeam and we do observe such cases in which the rotation axis is for example horizontal rather than along the axis of projection. These rotations cannot be quantified because the particle does not remain in the Bragg condition during the rotation process. Figs. 3a and 3b show the distribution of θ or 10 nm Bi particles embedded in amorphous SiO (Fig. 3a) and in Ga (Fig. 3b) . Both cases show rotations by angles up to about 35-40°; however, particles embedded in Ga are more likely to rotate by smaller angles. For a range from 0°to 8°, the particles embedded in Ga rotate only by discrete angles of 2.00±0.10°, 4.00±0.02°, 5.87±0.19°, and 7.67±0.12°, whereas for larger angles no discrete angles are observed. Similar behavior was found for particles of other sizes: Fig. 3c shows the distribution of θ or three 8 nm Bi particles embedded in Ga. The discrete rotation angles were found to be 2.48±0.11°, 4.81±0.10°, 7.26±0.21°, and 9.59±0.16°.
Discussion
The fact that the elongated shape of the particle remains stable during the rotations, suggests a simple way to explain rotations by discrete angles by considering fixed sites of the Bi atoms at the Bi-Ga interface. When the atoms at the surface are at a fixed position, or are shifted by an integer multiple of the atomic distance , the rotations of a particle with a diameter L will occur by discrete sults. However, this is a naïve scheme as it is not plausible that an atom can move distances of · 110 with > 1. A more realistic scheme considers that all atomic movements occur by distances shorter or equal to , within smaller regions of L/ of the particle, with =1, 2, 3 etc, as demonstrated in Fig. 4 . Such an explanation is equivalent to the formation of twist CSL (coincidence site lattice) boundaries with DSC (displacement shift complete) screw , which represents the boundary layer, contains both orientations. All atomic movements occur by distances shorter or equal to within smaller regions of L/ of the particle; the red and blue dots represent the location of the same atom, before and after the rotation, respectively. Notice that the atoms at the interface do not necessarily remain at their previous locations.
dislocations networks [13] [14] [15] . Accordingly, the discrete angles are correlated with a discrete number of dislocations in the particle, so that θ = tan −1 ( /(L/ )), which is mathematically identical to the naïve scheme and yields the same set of angles. Rotations by larger angles are not discrete, since O-lattices, which explain large angle grain boundaries, are continuous and smooth functions of the misorientation angle, which the CSL is not [14] .
In a framework of a fixed elongated particle shape, rotations by discrete angles require a reconstruction of the surface as suggested in Fig. 4 . Particles embedded in liquid Ga behave like free particles with no constrainment at the particle's surface; consequently, surface reconstruction occurs even though the particles tend to partially be in contact with the SiO. However, particles embedded in Figure 5 . A sequence of three successive HREM snapshots showing a rotation of a Bi particle embedded in SiO. The time interval between snapshots is 0.08 sec (2 TV frames). At 1 (a) the 110 planes are straight along the entire particle. At 2 (b) a dislocation divides the particle into nonequivalent slices. Consequently, at 3 (c), each slice, with its one edge constrained at the SiO surface, is rotated by a different angle in order to anneal the dislocation.
amorphous SiO are subjected to external surface forces; this causes the particles to avoid free surface reconstruction and prevents rotation by discrete angles. In these cases there is no fixed distance between dislocations and the particle is often being bent before it is rotated as shown in Fig. 5 . Furthermore, the relatively low viscosity of the liquid Ga (compared with the SiO) serves as a shock absorber and dissipates the external energy. This explains both the tendency of particles in liquid Ga to rotate by smaller angles and to find a new equilibrium state within a shorter time.
Summary
In summary, the rotation of Bi nanoparticles by discrete angles is demonstrated, and the results clearly show the role and importance that the surrounding material has on the phenomenon. The discrepancy between Bi-SiO and Bi-Ga suggests that Bi particles embedded in amorphous SiO are more constrained to the SiO matrix surface, while the Bi particles embedded in Ga are less connected to the interface, even though they are partially in contact with the SiO. Consequently, two major phenomena are observed: (1) While rotations of Bi particles embedded in SiO occur by all angles, rotations of Bi particles embedded in liquid Ga occur by discrete angles. (2) The particles embedded in Ga spend less time in the rotating state (50%) compared to particles embedded in SiO (80%), this implies that due to the low viscosity of the matrix, the time required for annealing from the dislocation is shorter. Our results also indicate that the internal forces within the Bi particle are the weak point as they are smaller than the Bi-Ga and Bi-SiO surface forces, implying on a soft nano material, contrary to hard nano materials recently under extensive research [16] .
